This prospective study demonstrated that EC treatment increases the QTc interval and NT-proBNP levels in women with early breast cancer. This effect was reversible and independent of docetaxel administration. Moreover, the treating physician can safely perform QTc interval evaluation as part of clinical routine independent of his/her specialty. Due to the small number of patients, further conclusions are limited at this point.
Introduction
Anthracyclines play an important role in the neoadjuvant treatment of breast cancer patients [1] . However, these drugs are not free of adverse effects. Cardiovascular toxicity has gained increasing attention as an adverse event in cancer treatment. Anthracyclines such as epirubicin can cause left ventricular dysfunction [2, 3] . This has led to the regular testing of left ventricular ejection fraction (LVEF) by echocardiography for patients treated with anthracyclines [4] . In addition, serum biomarkers like cardiac troponin are widely used to detect cardiac damage [5] . However, the use of troponin as a prognostic tool in cancer therapy has been largely disappointing [6] . Natriuretic peptides, such as brain natriuretic peptide (BNP) and its aminoterminal component (NTproBNP) are used to diagnose acute and chronic heart failure [7] .
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Patients and Methods:
In this study we assessed the effect of epirubicin, cyclophosphamide, and docetaxel (ECDoc) on the QTc interval in 10 patients with early breast cancer. Cardiac toxicity was assessed with symptoms, transthoracic echocardiography, electrocardiography (ECG), and serum cardiac markers at baseline and after 4 cycles of EC and 4 cycles of docetaxel. To evaluate the influence of interobserver variation, the QTc interval was analyzed by a cardiologist, a gynecologist, and with automated ECG interpretation software. Results: There was a significant QTc prolongation after EC treatment independent of the investigator. In addition, a significant increase in N-terminal prohormone of brain natriuretic peptide (NT-proBNP) levels was noted after EC treatment. QTc prolongation and NT-proBNP levels normalized after docetaxel treatment. Other biochemical markers were within normal ranges. No clinically relevant effect on left ventricular ejection fraction was observed.
Some studies describe a substantial increase in NT-proBNP in patients treated with anthracyclines with no effect on echocardiography or clinical outcome [8] . Other proposed markers such as creatine kinase (CK), the cardiac-specific creatine kinase-MB (CK-MB), or C-reactive protein (CRP) have shown no clinical value so far [9] .
Long QT syndrome is a repolarization disorder of the myocardium, which is characterized by a prolongation of the QT interval on electrocardiogram (ECG). This can be caused by drugs or hereditary ion channel abnormalities by blocking potassium channels or opening sodium or calcium channels [10] . Drug-induced QT interval prolongation has been identified as a further crucial risk factor for cardiac toxicity and is potentially leading to palpitations, syncope, and sudden cardiac death due to serious ventricular arrhythmias such as Torsade de Pointes [11, 12] . In clinical practice, a QTc interval (corrected for heart rate) of > 470 ms is associated with a 3-fold risk increase for sudden cardiac death [13, 14] . Anticancer drugs might cause QT prolongation [15] . One retrospective study on childhood cancer survivors describes a persistent QT interval prolongation in 19 of 33 patients receiving anthracyclines (doxorubicin equivalent) [16] . A recent study investigated whether the free radical scavenger superoxide dismutase (SOD) protects against anthracycline-induced cardiotoxicity, and reported a prolongation of the QTc interval after doxorubicin plus cyclophosphamide (AC) but no cardioprotective effect of SOD [17] . Another study in 34 patients demonstrated that exposure to epirubicin, cyclophosphamide, and 5-fluorouracil in women with breast cancer is correlated with QTc interval prolongation [18] . However, the influence of the widely used EC-Doc regimen (epirubicin, cyclophosphamide, and docetaxel) for breast cancer treatment on the QTc interval remains to be further elucidated. Therefore, we prospectively investigated the effect of EC-Doc on cardiotoxicity in women with early breast cancer.
The variability in ECG measurements and analysis between different investigators can be large [19] . In Germany, gynecologists generally administer breast cancer chemotherapy, and not all outpatient chemotherapy centers have direct access to a cardiology department. For this reason, we also evaluated if gynecologists can reliably produce and interpret ECG data as part of clinical routine and whether the use of automated ECG interpretation software can support QT interval interpretation.
Patients and Methods

Patients
A total of 10 women with early breast cancer were enrolled in this observational study and their data prospectively studied. All patients were treated in the Outpatient Chemotherapy Center at the Department Obstetrics and Gynecology, University Hospital Cologne. The study protocol was approved by the local ethics committee and accepted as an extended safety measure for chemotherapy treatment. Further patient characteristics are listed in table 1.
EC-Doc Regimen
The neoadjuvant regimen (n = 8) consisted of 4 cycles of epirubicin 90 mg/m 2 and cyclophosphamide 600 mg/m 2 , given on day 1 of a 14-day cycle. 2 patients were treated adjuvantly at the same dosage on day 1 of a 21-day cycle. Subsequently, 6 patients received 4 cycles of docetaxel 100 mg/m 2 with (n = 4) or without (n = 2) trastuzumab 15 mg/kg body weight dependent on their HER2 status every 21 days. Data on docetaxel was missing for 4 patients.
Electrocardiographic Assessments
A standard 12-lead ECG was recorded before (< 20 min) and immediately after the 4th cycle of EC or the 4th cycle of docetaxel (< 20 min). The same welltrained personnel performed all ECGs. QT intervals were blinded for the treatment group and results of the computer software and independently analyzed by a senior cardiologist, a gynecologist, and with an automated ECG interpretation software (Schiller Cardiovit AT-10 plus, Felsberg, Germany). In order to reduce the dependence of QT interval on the heart rate, Bazett's formula was applied [20] . Experienced oncology nurses evaluated the patients for clinical symptoms of cardiotoxicity.
LVEF Assessments
The effect of EC on systolic heart function was investigated by echocardiography (LVEF) at baseline and within 14 days of EC or docetaxel treatment. The 2-dimensional echocardiographic analyses were performed according to the American Society of Echocardiography recommendations and with commercially available equipment (Philips IE33, Andover, MA, USA) featuring a 2-5 MHz transducer. LVEF was calculated with the Simpson's biplane method.
Serum Cardiac Markers
CK-MB and NT-proBNP were analyzed during routine blood tests within 7 days before the first cycle of EC and 14 days after the 4th cycle of EC or docetaxel. All analyses were performed at the Department of Clinical Chemistry of the University Hospital Cologne. 
Statistical Analysis
The differences in QTc interval were tested with a 2-tailed Wilcoxon signedrank test for paired samples. For multiple comparisons, an ordinary 1-way ANOVA test was applied (GraphPad Prism 6.0, GraphPad Software, Inc., La Jolla, CA, USA). All p values of less than 0.05 were considered significant. For each box plot, the box limits represent the 25th and 75th percentiles and the median, and the whisker ends indicate the 5th and 95th percentiles. Numbers in the text represent the median and minimum-maximum values.
Results
Patient Demographics
Between 11/2013 and 07/2014, 10 women with early breast cancer were enrolled in this feasibility study. Descriptive characteristics can be obtained from table 1. All patients had an ECOG performance status of 0 before and after chemotherapy. None of the patients received any medication that can potentially induce QTc interval prolongation, and no further risk factors were found at baseline. No patient had symptoms of cardiac toxicity immediately after treatment. Neither the QTc interval prolongation nor other adverse effects led to discontinuation of chemotherapy.
QTc Interval Prolongation and Interobserver Variability
To assess the effect of EC-Doc on the QTc interval, records before and after 4 cycles of EC or docetaxel were analyzed. There was a significant QTc interval prolongation after EC treatment independent of the observer ( fig. 1) . When all observer groups were compared by ANOVA test, no significant differences between QTc intervals were detected at baseline (p = 0.086) and after EC (p = 0.06) and docetaxel (p = 0.8), indicating that the interobserver variability is small. Additional ECGs could easily be performed as part of clinical routine without delaying therapy administration.
Biochemical Markers
For CK-MB and NT-proBNP, only 6 and 8 patients, respectively, were eligible for analysis due to missing blood samples. There was no statistically significant relationship between CK-MB levels and EC or docetaxel administration (median at baseline (n = 6) 15.50 vs. EC (n = 6) 15.00 (9-42) U/l, p = 0.468 or docetaxel (n = 5) 14.00 (7-23), p = 0.156). Importantly, a statistically significant increase in NT-proBNP was found after EC treatment (median at baseline (n = 8) 60 (30-171) ng/l vs. EC (n = 8) 91 (40-329) ng/l; p = 0.0391), which declined after docetaxel (n = 5) (38 (21-70) ng/l; p = 0.156). A clinically relevant elevation above the general cut-off for adults (125 ng/l) was found in 3 patients. 1 patient had elevated NT-proBNP levels of 171 ng/l at baseline and showed a remarkable increase of up to 329 ng/l without showing clinical signs of cardiac failure.
Left Heart Systolic and Diastolic Function
For LVEF analysis, 7 patients could be included. In total, therapy with EC or docetaxel had no significant effect on LVEF levels (median baseline (n = 7) 70 (60-76)% vs. EC (n = 7) 69 (60-76)%, p = 0.671 or docetaxel (n = 5) 69 (55-69)%, p = 0.25). 
Discussion
For the treatment of primary breast cancer, an anthracyclinebased regimen is the standard of care [1, 21] . However, one of the major side effects of the involved drugs is cardiotoxicity. In this study, we found a significant increase in QTc intervals after breast cancer treatment with 4 cycles of EC. In most cases, the increase in QTc interval was within a modest range and did not become clinically relevant. However, a few patients showed QTc intervals of > 470 ms after treatment, associated with a higher risk of sudden cardiac death [13, 14] . In comparison to manual analysis, the computer software appears to systematically underestimate the QTc interval. This is in line with previous findings describing a greater variability in manual QT interval measurements compared to automated methods [22] . Nonetheless, the delta QTc time was close to the other observers, indicating a similar trend towards an observerindependent QTc interval prolongation. This is supported by our statistics and a study by Darpo et al. [23] demonstrating that differences between methods disappear when QT changes are analyzed from baseline. Moreover, in another study, the manual interobserver variability of the QTc interval in healthy individuals was found to be close to 0 [24] . Therefore, treating physicians should be able to manually diagnose a possible increase in QTc interval but should be cautious about relying on automated ECG interpretation software.
Therapy with EC-Doc did not induce a significant change in LVEF. Importantly, LVEF measurement shows a low sensitivity in detecting early subclinical signs of cardiotoxicity [25] . This might explain why in our observation period we could not detect any decrease in LVEF despite a significant QTc prolongation. Therefore, echocardiography might be suboptimal for detecting acute cardiac complications.
In the last decade, serum cardiac biomarkers such as troponin, CK-MB, and natriuretic peptides have been developed to detect cardiotoxicity. In our data set, there was no significant relationship between EC-Doc treatment and CK (data no shown) or CK-MB levels. Interestingly, NT-proBNP levels were significantly increased after EC treatment. This is in line with other studies that showed significant BNP and NT-proBNP elevation after epirubicin-containing chemotherapy [26, 27] . We observed a decrease in NTproBNP levels after docetaxel administration, indicating that anthracycline-induced cardiac damage can regenerate quickly.
This study is limited by the small number of patients. Moreover, data on docetaxel, serum markers (troponin), and echography (especially parameters of diastolic function) were not available for all patients. In addition, 2 patients received adjuvant treatment with a slightly different dosing schedule, and 4 patients were treated with the anti-HER2/neu antibody trastuzumab. Cardiac toxicity could be more serious when HER2/neu-targeting agents are combined with anthracyclines [28] [29] [30] . Our findings, however, are in line with a novel study showing that a combination of docetaxel with trastuzumab has no additional effect on the QT interval [31] .
In summary, this data demonstrates that breast cancer treatment with EC causes significant increases in QTc interval and NTproBNP, which are reversible upon docetaxel administration. This indicates that early cardiac dysfunction may already appear during anthracycline-based chemotherapy with a limited long-term effect. In addition, we could show that the interobserver variability in detecting QTc interval prolongation is low, which facilitates the implementation of ECG analysis as part of clinical routine. Further multicenter studies should evaluate the effect on QTc interval prolongation for combination therapies with anthracyclines and novel targeted therapies such as HER2-targeting agents to develop guidelines for the new emerging field of cardio-oncology.
Disclosure Statement
The authors declare that they have no conflict of interest.
